
Hydrodynamic of Guaratuba Bay, PR, Brazil

INTRODUCTION

The bay of Guaratuba is an estuary located in the coastal
plain of the coast of the Paraná State, Brazil, in its southern
premise (25 51.80'S, 48 38.20'W Figure 1). The bay has an
area of 50,19 km and it is inserted in the municipal districts of
Guaratuba, to the South, that has a population of 27.257
inhabitants, and Matinhos Municipality, to the North, which has
24.184 inhabitants (IBGE, 2003). Its South margin is well
occupied by urban settlements and agricultural enterprises and
the North margin is covered by areas of well preserved
mangrove swamps. It is the second largest estuarine system of
the coast of Paraná and it receives the waters from some rivers
as Cubatão and São João, with more than 80 m /s of mean
runoff. Many tidal creeks surround both margins, ensuring tidal
flat inundation due to the semidiurnal tides of up to 1.5 m
(spring tidal range). Its communicates with the Atlantic Ocean
through a mouth of approximately 500 meters wide and 27 m of
maximum depth, and it is prolonged inside of the continent for
about 15 kilometers. Its margins' vegetation corresponds to the
one of mangrove swamp areas, and the depth of the water body
at the inner regions, in some points, reaches up to 6 meters

1998). The bottom layer salinity presents seasonal
variations, reaching higher values in the winter and lower in the
summer (respectively 37 and 3), while the temperature gets up
to 28 C and to lower values of at least 15 C, according to the
station & 1997). The system was formerly
studied by (1953), but of that time to the end of the XX
Century, no work on the local dynamics was developed. Until
recently, no information was found in the literature regarding
the distributions of the physical parameters of the bay, like the
regime of rivers, currents and tides, for instance, being the few
existent works related mainly to studies of the biological
characteristics of the area or related with some particular specie
or family. This work presents the first modern

The main objectives of the full study are related with the
dynamic of the area, the land use and occupation (and of the bay
waters, with the growing mariculture activity), the hydrological
regime of the basins that discharge fresh water into the bay, the
flow of materials, the estuary-platform interactions, the
erosional problems, etc. It implies in an integrated study to
understand the local dynamics, from the interaction continent-
estuary to the interface estuary-continental platform. The work
intends to study and to model all the compartments of the
system (hydrology, hydrography, sedimentology and materials
flow), creating elements and knowledge to allow progresses in
the aspect of the potential impacts in the environment and in the
populations and its activities (mariculture, tourism, fisheries,
generation of energy, land use, sewage, etc.).

The present work will briefly describe the sampling methods
used during a full survey directed to understand the general
circulation of the bay as well as fresh water runoff, among
others. The result of the survey will also help in describing the
general dynamic of the estuarine waters as well as in obtaining
classical estuarine parameters, based in circulation and
stratification characteristics.

From the pioneer work of (1953), no new surveys
focusing the physical properties and dynamics of Guaratuba
bay were performed. This work presents an initial description of
the hydrodynamic of the area and its drainage basin based on a
full survey that included river runoff measures at automated
level stations, tides (three tidal gauges) and current
measurements with four ADPs. The survey was performed
during more than two tidal cycles (~25 h) at spring tide and in a
drought and winter period. In preparation to this first intensive
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The Paraná State coastal area has two main water bodies surrounded by large mangrove swamps. The southern one,
the Guaratuba bay, is a small system, home of 50,000 inhabitants mostly dedicated to tourism activities and artisanal
fisheries. It has a water surface area of around 50 km with a maximum depth of 27 m at the mouth, being 24% of that
composed by shallow waters. Two main rivers, Cubatão and São João, drain fresh water from the Serra do Mar
mountain range up to 80 m s from a basin of 1,700 km . The Guaratuba Project (Araucária Foundation, Grant #552)
initiated a full research on the hydrodynamic of the area and its drainage basin under a multi-institutional framework
(CEM/UFPR; CEHPAR, SUDERHSA, COPEL). During the ongoing research, a full survey of the bay and its
drainage basin, measuring river runoff at automated level stations, biogeochemical properties of the fresh and bay
waters, tides and current measurements with four ADPs, etc., were performed for two tidal cycles (24.8 h) at spring
tides during a winter and draught period. Several profiles with IOS-S4 current-meters and water samplers were also
performed during the first year. Initial results show a very dynamic situation, with strong currents (more than 2.0 m s
at the mouth), semi-diurnal tides of up to 1.5 m range (0.65 m at neap tide), moving up to 75 10 m of water at spring

tide and 32 10 km at neap tides in a complex tide propagation pattern (progressive, mixed and stationary). High
vertical stratification was also verified, particularly at neap tides and low river runoff, when an intensification of the
baroclinic component of the pressure gradient is observed. The simultaneousADP's results, obtained at the entrance,
mid section and in both main rivers, show a lateral heterogeneity probably forced by bathymetric constraint and the
bay length of up to 15 km, showing two simultaneous current cores at the mouth, with ebbing and flood directions.
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survey, several vertical profiles with IOS-S4 current-meters and
water samplers were also performed during the previous year in
well distributed point along the bay, giving up an initial picture
of the general dynamic of the bay as well as its water properties
and their spatial and seasonal variations.

During the survey, four cross-estuary sections were
established (Figure 1) at the bay mouth, the middle and near the
two main river's mouths (Cubatão and São João). At these
sections, and with a time interval of 1 hour, four Acoustic
Doppler Profiles (SonTek and RDI shallow water types) were
used, obtaining simultaneous current measurements all along
the bay during the full sampling period (two tidal cycles). These
instruments allowed also the calculation of the net flow at each
of the four sections. Also, three tidal gauges and CTD were
moored at the mouth, the middle section and the bottom of the
bay, sampling every 15 minutes and allowing the study of the
tidal wave propagation and its relation with water salinity and
temperature changes. Complementarily, water samples for
nutrients and particulate matter analyses were obtained in the
same areas ofADPs sections.

Apart of understanding the tidal dynamic, by filtering the

data it was possible also to understand the mean situation of the
estuary as well as to calculate the net flow by integrating the full
period.

During previous surveys, current and CTD profiles, as well
as more than three months of continuous tidal data were also
obtained, completing the picture for the area.

After quality control of the data, tabulation and plotting, data
were statistically processed for obtaining means, variances and
the like. The net flow at each section allowed for the
understanding of the general circulation, including river runoff
and residual fluxes and, mainly, the water export/import to and
from the coastal zone.

A further interpretation about the general dynamic was then
possible, as well as the calculation of some classical estuarine
parameters (tidal prism, stratification parameters, renewal time,
residence time, flushing time, etc.), which will not be detailed
for shortness and because they are classical ones, but they can
be fully followed in and (1966);
(1989); . (2002). Tides were analyzed using
harmonic analysis 2000).
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Figure 1. Guaratuba bay with cross sections localization: Mouth (T1), Middle (T2), São João (T3) and Cubatão (T4).

Figure 2. Guaratuba tidal record obtained at the system entrance during 100 days with 15 minutes of sampling interval.
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RESULTS

DISCUSSION AND CONCLUSSIONS

The river basins that contribute for the total runoff into the
Guaratuba bay represents a surface area of 1,724 km , with a
drainage density of 1.87 rivers/km , presenting a dendritic
drainage pattern and a mean river runoff of at least 80 m s . The
surface area of the bay is 50,19 km , and approximately 24% of
this area (12.13 km ) is composed by shallow waters or sand and
muddy banks. The largest depths are found mainly in the
entrance channel with up to 27 m. The residence time of the
water is of approximately 9.3 days.

The mooring of a tidal gauge at the entrance of the Guaratuba
bay for a period of 100 days allowed the characterization of the
tide, which is predominantly semidiurnal with inequalities
(Figure 2). The most important tidal constituents of the
astronomical tide are the semidiurnal components M and S ,
and the components M , M , MN and MS also possess
significant importance in the behavior of the tidal wave. Tidal
range during spring tide reaches up to 1.50 m, and the one of the
neap tide is 0.65 m, but they can be affected by storm surges of
up to 0.6 m. The mean tidal prism at spring tide is 75.285 10 m ,
and of the neap tide of 32.6235 10 m . With those values, the
mean flow during half a tidal cycle (6.2 hours) represent about
3,373 m s during spring tide and about 1,462 m s for neap
tide.

The CTD samplings, which results are not shown here for
shortness, indicate pronounced stratification of the water
column in several points of the bay.

Figure 3 depicts the hourly values of net fluxes at the
sampling cross sections, accordingly to the tide stage, also
plotted. They were recorded 9,870 m s at a maximum ebb and
6,446 m s at a maximum flood, on the mouth section. Note that
these values are in good agreement with those of the mean tidal
flow calculated by the tidal prism: integrating the ebb periods of
Figure 1 we obtained around 3500 m s too. The durations of
each cycle are different: ebb is shorter, but more intense than
flood, which take more time to fill the bay with a tidal prism.
Another important behavior is about time lags: while between

the T1 and T2 sections (mouth and middle) they are not
significant time lag among peaks, both inner stations (T3 and
T4) present small but significant time lags with respect to T1
and T2 peaks, showing changes in the tidal wave propagation
pattern. At this point it is important to note that they are marked
differences in the way the water flows during the ebb, which
shows a constant increase until it reaches the maximum,
decreasing constantly, also, till the beginning of the flood. The
flood curve presents, however, two peaks, instead of one as in
the ebb cycle. This is also a conspicuous behavior, which was
present in all the four sections.

Finally, Figure 4 shows a picture of the mouth section at full
ebb tide. As can be seen, strong currents are clearly present in
the ADP observation (up to 200 cm s ) and, also, lateral in-
homogeneities with flood and ebb cores occurring at the same
tidal stage. Note, at the bottom of Figure 4, that current
directions are in ebb situation in most of the section (black-dark
grey) while at both sides, particularly at the right one, they are
strong flood currents (more than 200 cm s , white). This
behavior was conspicuous in almost all the sampled sections.

The net flow after filtering tides was obtained integrating
each 13 adjacent hours of the discharge data, then calculating
the moving average for the full period of 25 h, (which contains
14 different intervals of 13 hours each). Results were as much as
980 m s at the mouth and 760 m s at the middle section being
reduced to less than 10% of these figures at both inner stations.

The bay of Guaratuba can be placed in the group of coastal
systems where the main forcing is the tide, followed by the
rivers discharge. High vertical stratification was also verified,
which intensifies during neap tide situations and of low fresh
water discharge into the system, and it is forced by the
baroclinic component of the pressure gradient. The water
column stratification can be attributed initially to the
geomorphologic characteristics of the bay, which presents a
strait and deep entrance channel and lower depths in its interior,
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Figure 3. Net fluxes at sampling cross-sections obtained withADP, and simultaneous tidal heights (Note the two different scales).



Figure 4. Cross-section currents at the Guaratuba bay entrance observed byADPat maximum ebb.
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besides its extensive drainage basin.Already in the situations of
spring tide or elevated fresh water discharge, the processes of
turbulent diffusion intensifies, resulting in a less stratified water
column. Guaratuba is, for instance, a more stratified system
than the one of Paranaguá, which is the next embayment to the
North., because the dilution of the fresh water happens in a tidal
prism of smaller size. This fact, associated to the morphology
and the mean depth, explains the higher stratification in
Guaratuba than in Paranaguá.

Comparing the runoff values and the tidal prisms of
Guaratuba bay, 80 m s and 75.285 10 m respectively, with the
values of the bay of Paranaguá, 150 m s and 1,340 10 m

, 1995; , 2000), it is observed that the
relationship between the runoff and the tidal prism is larger for
the bay of Guaratuba than for Paranaguá bay. The rate among
the amount of fresh water entering the bay during half a tidal
cycle (6.2 hours) and the tidal prism is a measure of the
proportion of fresh water that is mixed during the period. This
mixture proportion is of 0.0238 for Guaratuba and 0.0025 for
Paranaguá. Guaratuba bay area is about 11 times minor,
however, the drainage density of the Guaratuba bay is 95 times
larger than the one of Paranaguá.

Maximum currents were 2.68 ms in the middle section and
2.3 ms at the mouth. As can be observed from the figures,
residual circulation increases downstream, which is a common
feature of positive estuaries dominated by tides and river runoff.
It is important to note, also, the role of the relative importance
between tides and river runoff, which changes from spring
eap and from dry/winter to rainy/summer, moving the bay's

dynamic from a highly stratified to a well mixed estuary in
different time scales. Also, even if most of the time it can be

classified as a microtidal environment, on the upper limit and, in
some circumstances, the tidal ranges are increased to mesotidal
values.

Tidal wave enters the bay following a complex pattern
(stationary, mixed and progressive). Semi-diurnal tides are of
up to 1.5 m range (0.65 m at neap tide) increasing upstream up to
30% (1.6 m in the middle and 2.0 m at the landward premise of
the bay). Storm surges can modify tidal ranges up to 0.6 m. Tidal
inequalities, more clearly depicted at the flow patterns,
indicates that non linear behavior is also an important factor
driving the water flow dynamics. This fact is also confirmed by
the significant shallow water tidal constituents, markedly those
quarter-diurnals.

Initial results showed a very dynamic situation, with strong
currents (up to 2.3 ms ), following a complex vertical pattern.
The ADP's results, obtained at the entrance, mid section and in
both main rivers, show a lateral heterogeneity probably forced
by bathymetric constraints and a bay length of up to 15 km,
which is evidenced by two simultaneous current cores, with
ebbing and flood directions. These lateral in-homogeneities are
conspicuous behaviors most of the time. While during ebb both
opposite flows seem to occur without changing the usual sine
shape of the tidal cycle, this is not the case during flood, which
present two peaks instead of one. This fact seems to indicate
that, around the middle of the flood period, the waters
accumulated in the inner regions of the estuary, which were not
able to go away from the bay before, are leaving the estuary at
the same time new waters are entering.

On the other hand, the net flow after filtering tides (980 m s
at the mouth and 760 m s at the middle section) shows a clear
increase of the residual circulation from the inner to the mouth
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of the bay. It must be noted that this is a 10 times higher flow, in
the mouth, than the fresh water input, and it is pointing to the
fact that residual currents and tidal behavior are of main
importance in the regulation of the bay dynamics. These figures
are also important for the calculation of material transport, one
of the next steps of the work, together with a similar full survey
during a rainy period.

This work was possible thanks the financial support of
Araucária Foundation (Grant #552), but much of its success was
due the hard work of a team of more than 20 people, among
technicians, students and researchers, and four institutions
(CEM/UFPR, CEHPAR/Lactec, COPEL and SUDERHSA),
which in 5 ships, 6 vehicles and a cold winter condition worked
hard to collect the field data.Also, very special thanks are due to
the Iate Clube Guaratuba, who offers its facilities during the
field work period. To those people and institutions, the sincere
acknowledge of the authors.
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